The use of fluoride has been increasing because of its great potential for industrial and biological applications. 1,2 However, the World Health Organization (WHO) upper limit of fluoride in drinking water is 7.9 × 10 -5 mol dm -3 , and the high levels of fluoride have caused toxicity in animals and mottled teeth in humans. Several methods, such as ion-selective electrodes (ISE), 3 colorimetry, [4] [5] [6] [7] fluorescence [8] [9] [10] and capillary electrophoresis, 11 have been reported for the determination of fluoride.
Introduction
The use of fluoride has been increasing because of its great potential for industrial and biological applications. 1, 2 However, the World Health Organization (WHO) upper limit of fluoride in drinking water is 7.9 × 10 -5 mol dm -3 , and the high levels of fluoride have caused toxicity in animals and mottled teeth in humans. Several methods, such as ion-selective electrodes (ISE), 3 colorimetry, [4] [5] [6] [7] fluorescence [8] [9] [10] and capillary electrophoresis, 11 have been reported for the determination of fluoride.
Among these, the chemical systems that respond to the presence of ions by color change detectable by vision are rare. 12 These chemosensors do not have any need to use a potentiostat or a spectrometer to detect redox or optical perturbations, and as a result, have substantial advantages over other molecular chemosensors. 13 Lanthanum(III), Zr(IV) and Ce(III) complexes with dye compounds have been used for the colorimetric detection of fluoride.
14 These systems have a lack of chemical stability, and take a long time for color development. Supramolecular compounds, such as trianthryl borane derivatives and calix(4)pyrrole derivatives have been examined as fluoride chemosensors via strong hydrogen-bond formation. 5, 15 The observed color changes in these systems take place only in organic media, but are reversed upon the addition of water. As a result, procedures for the naked-eye detection of anions in aqueous media are needed to overcome the above shortcomings.
A fluoride, because of its high electro negativity, forms stable binary or ternary complexes with many trivalent and tetravalent metal ions, and even with their complexes. It has been reported that Zr-EDTA can bind fluoride as well as oxo anions of arsenic and selenium by a ligand-exchange mechanism with coordinated water. [16] [17] [18] Hence, the combined use of Zr(H2O)2EDTA as an anion receptor and an appropriate chromophore was expected to give a good chemosensor for the nacked-eye detection of fluoride.
In the present study, we observed that PV forms a ternary complex with Zr-EDTA by replacing water molecules, and produces an intense blue color. The blue color of this system readily shifts to orange red by the addition of fluoride, along with the release of free PV.
These observations have successfully allowed us to construct a chemosensor for the visual detection of fluoride in aqueous solution.
Experimental

Reagents
All reagents and solvents used were of analytical reagent grade. A stock solution of fluoride (0.0526 mol dm -3 ) was prepared by dissolving 99.9% NaF (Wako, Japan) in distilled water and standardized using the Alfusone method. 19 Zr(H2O)2EDTA·2H2O was prepared as a white crystal according to the procedure 20 and a 1 × 10 -2 M (M = mol dm -3 ) stock solution was prepared using distilled water. Pyrocatechol Violet was purchased from Dojindo Laboratories, Japan and a 1 × 10 -3 M stock solution was prepared by dissolving an appropriate amount in distilled water. Working solutions, as required, of the above reagents were prepared by appropriate dilution of the stock solution. Amberlite IR 120-B resin was purchased from Rohm & Haas and used as received for the removal of coexisting ions. Solutions of the diverse ions used for interference studies were prepared using chloride salts for cations and sodium salts for anions. Buffers, like HCl-KCl for pH 1 -3, CH3COOH-CH3COONa for pH 4 -5, N-Tris-(hydroxymethyl)methyl-3-aminopropane sulfonic acid (TAPS) for pH 6, 3-morpholinopropane sulfonic acid (MOPS) for pH 7 and 8, N-cyclohexyl-2-aminoethane sulfonic acid (CHES) for pH 9 and 10 were used to adjust the pH of the solutions.
Apparatus
Conventional absorbance measurements to characterize the chemosensor were performed with a Hitachi 3100 UV-Visible spectrometer, Japan, with matched 1 cm quartz cells. The pH measurements were carried out using a Horiba digital pH meter with a glass electrode.
Typical experimental procedure
Six cubicmeters of 1 × 10 -3 M Zr-EDTA, 1 cm 3 of 1 × 10 -3 M PV, and 2 cm 3 of 0.4 M pH 4.2 buffer were added to sample solutions containing various concentrations of fluoride. The final volume of the solution was adjusted to 25 cm 3 using distilled water, and the absorbance spectra were recorded against a blank at a wavelength of 628 nm.
Detection procedure for practical measurements
A 1-cm 3 volume of sample solution containing fluoride was taken into a 50 cm 3 beaker. Then, 6 cm 3 of 1 × 10 -3 M Zr-EDTA, 1 cm 3 of 1 × 10 -3 M PV, and 2 cm 3 of 0.4 M pH 4.2 buffer were added to this. The volume of the solution was adjusted to 25 cm 3 using distilled water. Standard fluoride solutions were also prepared and used to compare the visual detection of fluoride.
Results and Discussion
Ternary zirconium complex formation
Ethylenediamine-N,N,N′,N′-tetraacetic acid (EDTA) forms a remarkably stable 1:1 complex with Zr(IV); its stability constant has been determined 21 as log KML = 29. The high stability constant data suggest that the complex can be present in aqueous solution over a wide pH range without any hydrolysis. The complex of Zr-EDTA was isolated as a white crystal from its aqueous solution. The chemical structure of the Zr-EDTA complex was confirmed to be Zr(H2O)2EDTA·2H2O by X-ray structural analysis. 22 Zirconium, having a coordination number of eight, is surrounded by hexa dentate EDTA and two water molecules. Even though the Zr-EDTA complex is fairly stable, two water molecules can be substituted by other suitable ligands to make ternary complexes. 23 Pyrocatechol Violet is a catecholtype dye, and hence a good ligand for various metal ions. It was expected that PV would act as a replacing ligand for water molecules in the Zr-EDTA complex. It is known that the yellow color of PV changes to blue or bluish violet, depending on the pH, by binding to a metal ion. 24 These results enable us to use PV as the signal probe molecule by ternary complex formation with Zr-EDTA; thereby, the replacement of PV with fluoride by a ligand-exchange mechanism would be communicated visually.
Optimization of conditions
The absorption spectra of PV, PV-Zr-EDTA (mixed ligand complex) and the mixed ligand complex with 5.2 × 10 -5 M of fluoride at pH 4.2 are shown in Fig. 1 . The solution of PV gave a characteristic absorption band at 440 nm; however, the addition of Zr-EDTA changed the absorption spectra, having a peak at 628 nm. In the absence of EDTA, PV forms a complex with Zr(IV) having a peak at 650 nm. 25 The addition of fluoride to an aqueous solution of the mixed-ligand complex resulted in a change of the color from blue to orange red via violet, depending on the concentration of fluoride. Figure 2 shows the effect of the pH on the absorbance at 628 nm of solutions of PV, a mixed-ligand complex and a mixedligand complex with fluoride. The studies showed that ternary complex formation with PV starts at pH 3, and reaches the maximum from pH 5. The ligand-exchange reaction between PV and fluoride takes place from pH 3.5 and reaches the maximum from pH 5; pH 4.2 was selected for further studies, where the difference in the absorbance and the color change is good. A kinetic study showed that the color change upon the addition of fluoride to the mixed ligand complex occurred impulsively at room temperature.
A Job's plot of the continuous variation (Fig. 3) suggested that Zr-EDTA and PV form both 1:1 and 2:1 complexes, as given in Eqs. (1) and (2) . In the later case, PV acts as a ligand for a binuclear metal complex through two sets of catechol-like parts (Schemes 1 and 2) . The concentration of various species 974 ANALYTICAL SCIENCES AUGUST 2005, VOL. 21 of Zr-EDTA and PV were calculated from the molar ratio method, and the results showed that the concentration ratio of the 1:1 (Zr-EDTA)-PV complex to the concentration of the 2:1 (Zr-EDTA)-PV complex was highest at 6:1 (Fig. 4) . We also observed that at this ratio the color variation for (Zr-EDTA)-PV and (Zr-EDTA)-PV-F was most noticeable. Therefore, we selected a 6:1 ratio of Zr-EDTA and PV for further studies. The conditional stability constant values for Zr(H2O)2EDTA and PV were calculated by curve analysis of the molar-ratio plot using a non-linear regression solver program, and found them to be 7.93 (log K1) and 2.9 (log K2) for ML and M2L K2 / K1 / complexes at pH 4.2, respectively. Yuchi et al. reported 14 that the stability constant value for the F2-Zr-EDTA complex is 7.42 as log β2. Thus, these results suggest that under the experimental conditions fluoride reacts with (Zr-EDTA)2PV first and then with (Zr-EDTA)PV, respectively. A spectral change graph (Fig. 5) showed two isosbestic points: one at 518 nm for 1.5 × 10 -5 M to 5.2 × 10 -5 M of fluoride and the other at 486 nm for 1.05 × 10 -4 M to 1.5 × 10 -4 M of fluoride, indicating that the reaction of fluoride with Zr-EDTA-PV was a two-step reaction (Schemes 1 and 2) . These results were also confirmed by the conditional stability constant data. The detection limit of the method was calculated using the equation DL = kSb/m, where k = 3, Sb is the standard deviation for the blank, and m is the slope of the calibration graph in the linear range; it was found to be 4.52 × 10 -4 M with a correlation coefficient of 0.9955. The accuracy of the method was tested for 2.63 × 10 -4 M of fluoride by several independent measurements.
The calculated coefficient of variation was found to be 0.142%; this value is low compared to that from other reported methods. 9 
Effect of coexisting ions
Studying the effect of coexisting ions is one of the important characteristics of the ability of chemosensors in real water samples. We have chosen anions like SO4 2-, SO3 2-, CO3 2-, Cl -, NO3 -, NO2 -, PO4 3-, oxalate and cations like Cd(II), Co(II), Fe(III), Mg(II), Ca(II), Zn(II) and Cu(II) to study the effects of these ions on 5.625 × 10 -5 M of fluoride determination. Table 1 shows that the significant anions, such as SO4 2- , NO3
-and Cl -, were not interfered, and that the other anions interfered from 10 µg cm -3 onwards. Among the cations studied, most of them did not interfere at low concentrations (µg cm -3 ): Zn(II) and Cd(II) up to 5, Co(II) up to 3, Cu(II) up to 2, Mg(II) and Ca(II) up to 1 and Fe(III) up to 0.4. The interference of the cations at higher concentrations may be due to the complexing ability of PV with these metal ions, or the formation of metal-fluoride complexes.
We applied Amberlite IR 120-B resin to the removal of each interfering metal ion separately by a batch method with a shaking time of 30 min. The results showed that Mg(II), Zn(II), Co(II) and Cd(II) up to 30 µg cm -3 , Fe(III) and Ca(II) up to 10 µg cm -3 and 20 µg cm -3 of Cu(II) were not interfered in the determination of fluoride.
Naked-eye detection of fluoride and advantages
The applicability of the present chemosensor for practical measurements was studied following the detection procedure. The color change from blue to orange red via violet was clearly observed by naked-eye when fluoride was added to the aqueous solution of the mixed-ligand complex at pH 4.2. The results show that the present chemosensor exhibits excellent sensitivity and stability of the color for the detection of fluoride from 1.5 × 10 -5 M to 1.5 × 10 -4 M, which are very high compared to the reported methods. 1, 26 Kinetic studies indicate that the reaction occurs impulsively at room temperature, whereas the method reported by Wada et al. 27 needs heating the sample at 60˚C; also the color of the reaction was stable for more than two weeks.
Application to real samples
The developed procedure was applied to the determination of fluoride in semiconductor industrial effluents. The effluents were collected according to the standard procedure 28 and filtered; the concentration of the elements was measured using ICP-AES. The coexisting metal ions in the effluents were removed using Amberlite IR 120 B resin. The concentration of fluoride in the effluents was measured using the standard alfusone method 19 and the developed method. The results all agreed well (3.896 × 10 -4 M) with the standard method. Hence, the results indicate that the developed chemosensor can be applied to the detection of fluoride in industrial effluents.
Conclusion
We have developed a novel colorimetric chemosensor for the naked-eye detection of fluoride using Zr(H2O)2EDTA and PV in aqueous solution.
The ligand-exchange reaction of PV coordinated to Zr-EDTA with fluoride leads to a rapid change in the color of the solution. The developed chemosensor has good sensitivity and stability of the color, and has been applied to the visual detection of fluoride in industrial effluents. 
